Technical Paper No. 15
Revision 3

APPROVED PROTECTIVE
CONSTRUCTION

Approved for public release; distribution is unlimited.

Department of Defense Explosives Safety Board
Alexandria, VA

May 2010




DDESB TP 15, Revision 3
May 2010

FOREWORD

Technical Paper (TP) 15 isarecord of historically significant information about the origin and
evolution of protective construction designs and the explosives safety criteria associated with them.
The Department of Defense Explosives Safety Board (DDESB) will keep this document current,
and it will be improved and updated as new protective construction is approved and as additional
information is received.

Producing a document like DDESB TP 15 requires a tremendous amount of effort and time. We are
indebted to Eric Deschambault of the DDESB Staff for collecting and consolidating the information
and developing theinitial DDESB TP 15 in February 2001 and for keeping it current since.

The following are the more significant changes associated with Version 3:

Chapter 1. * Introduction of the Naval Facilities Engineering Command's (NAVFAC) Whole
Building Design Guide (WBDG) website that includes a webpage dedicated to
ammunition and explosives (AE) storage magazines and which complements TP
15 s Appendix (AP) 1 magazine listings.

* Incorporation of minimum DDESB requirements for protective construction
designs/modifications that are submitted as part of explosives safety site plans.

Chapter 2: * Information added describing expanded use of the non-propagating wall (NPW)
technology and sympathetic detonation (SD) criteriain new magazine designs.

* Included the minimum earth-covered magazine (ECM) design considerations and
blast |oads approved by the 316™ DDESB in 2000. Those loads were added in
conjunction with the introduction of structural hardness designation for ECM.

* Expanded on latest Sensitivity Group (SG) and Non-propagation wall (NPW)
efforts.

Chapter 3/4:  * Included a brief discussion of ECM designs that have utilized NPW.

Chapter 5: * Added information pertaining to underground criteriafound in North Atlantic
Treaty Organization (NATO) Allied Ammunition Storage and Transport
Publication (AASTP)-1.

Chapter 6: * Updated barricade information pertaining to DDESB approved changes associated
with the two (2) degree rule for determining barricade height.

* Included the significant work performed by NATO Nations regarding the use of
sand-filled, fabric, wire-reinforced barricades to prevent prompt propagation.

* Updated information related to Munitions and Explosives of Concern (MEC)
Removal Sitesto reflect currently approved methodologies for determining safe
distances from sites storing and disposing of such items.
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* Expanded on improvements made to the Buried Explosion Module (BEM).

* Incorporation of DDESB approved water barricades for separating combat aircraft
and reducing default intermagazine (IM) distances.

* Expanded on DDESB approvals of Transportable Controlled Detonation
Chamber-Models T-25, T-30 and T-60 and other contained detonation vessels.

Chapter 8&: * Title revised to reflect a move from just addressing hardened aircraft shelters
(HAS) to a broader area related to airfield associated protective construction, to
include mitigation methods developed to reduce MCE associated with aircraft
munitions.

* Expanded HAS information to address the significant efforts undertaken by
DDESB and the Air Force Safety Center (AFSC) to address missing criteria
associated with HAS.

* Incorporated Noble Eagie F-15 and F-16 missile load MCEs and reduced quantity
distance (QD), which previously were only found in AP-2,

* Added DDESB approvals for reduced MCE and QD for AIM-7, AIM-9, and
AIM-120 container storage, as well as certain missile trailer configurations.

Chapter 9: * This new chapter was added to address other non-storage related protective
construction. Adding other approved facility designs into this chapter will be a
focus area for Revision 4 of TP 15.

APPENDICES

AP-1: * Tables contained in AP-1 were: (a) updated to incorporate new magazine designs
approved by the DDESB since Version 2 was published in June 2004, (b) add
older designs which did not make it in Version 2, and (¢) add any new information
for designs already in AP-1.

AP-2: * Information was updated to incorporate new and approved protective construction
designs for operational (deployed) storage and airfield applications and to

introduce NATO AASTP-5, which addresses deployed operational storage and
which was ratified by the DDESB in 2008, following Service coordination.

Curtis Bowing

Chairman, DDESB
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was the Board assigned to review storage conditions within the
military, following the Lake Denmark accident in 1926).
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1928. Thiswas the name of the first Board established by the
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Joint Army and Navy Board on Ammunition Storage (NOTE:
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Previously known as NFESC or NCEL

Naval Sea Systems Command
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Naval Civil Engineering Laboratory (NOTE: Now known as Naval
Facilities Engineering Service Center)

Net Explosive Weight

Naval Facilities Engineering Service Center (now NAVFAC ESC)
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New Mexico Engineering Research Institute

Naval Ordnance Safety and Security Activity

Navy Ordnance Test Station (NOTE: Now known as Nava Air
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Cl.CHAPTER 1

INTRODUCTION

C1l.1. GENERAL.

C1.1.1. DDESB Technica Paper (TP) 15 provides a comprehensive listing of ammunition
and explosives (AE) storage facilities and protective construction facilities and features that have
been designed and built over the past 80 years. Its purposes are to: (1) educate and enhance from
an historical perspective, an understanding of how criteria devel oped and were influenced; and (2)
to document approved protective construction designs to provide the explosives safety community
common information for their use and benefit. It accomplishes this by documenting:

(a) Significant testing that has been performed, and that has impacted the
development and evolution of explosives safety criteriafound in reference 1-1,

(b) Past and present protective construction design information.

(c) Relevant siting information associated with each protective construction facility
and feature.

C1.1.2. Throughout TP 15, safety distance is calculated primarily by means of the
formulaD = KeW"?, where "D" isthe distance in feet, "K" is a factor depending upon the risk
assumed or permitted, and "W" isthe NEW in pounds. Thisisfurther described in Chapter 2 of
Reference 1-1. Distance requirements determined by the above formula are sometimes expressed
by the value of "K", using the terminology K9, K11, K18,tomean K =9, K =11, and K =18. In
certain cases, safety distances have been determined by means of testing, such aswith afull or
partial containment of explosion effects (e.qg., blast, thermal, primary fragments, structural debris).
When thisisthe case, a description of the test and the results of testing will be provided.

C1.1.3. TP 15 will be updated periodically by adding information on existing items
contained therein and to expand it to address new protective construction areas, as deemed
necessary.

C1.1.4. Appendices AP1 and AP2 will be maintained and kept current without re-issuing
TP15. The updates will be re-published at the DDESB’ s webpage
http://www.ddesb.pentagon.mil.

C1.1.5. Where additional information or explanation is considered important or relevant,
an editor's note is provided. Thisinformation isidentified as follows: [Note:].

C1.2. SUMMARY OF DDESB TP 15 CONTENT. The following descriptions provide a brief
summary of the content of each chapter.




DDESB TP 15, Revision 3
May 2010

C1.2.1. Chapter 2 provides ahistory of the evolution of magazine design since the Lake
Denmark accident of 1928 and the significant testing that has been conducted as part of this
evolution that has impacted magazine design and magazine siting criteria.

C1.2.2. Chapter 3 addresses the mgjor differences between 7-Bar, 3-Bar, and Undefined
ECM and describes the typical features and structural components associated with each type.
Chapter 3 also includes a discussion of storage magazines and transportation containers that have
been specifically approved with reduced net explosive weight (NEW) and/or reduced QD.

C1.2.3. Chapter 4 provides information associated with the four magazine tables found in
Appendix AP1. Those tableslist ECM, aswell as those magazines and transportation containers
that have reduced QD or reduced MCE, identified to date and relevant information for each
design.

C1.2.4. Chapter 5 pertains specifically to underground (tunnel) AE storage facilities and
criteria associated with them.

C1.2.5. Chapter 6 provides acomprehensive discussion of available barricade designs,
fragment distance-limiting barrier designs, test cells, detonation chambers, suppressive shields,
and other similar protective construction, that have been approved for use by the DDESB and
pertinent testing and information related to each item.

C1.2.6. Chapter 7 describes the history and testing associated with barricaded module
development and their use for AE storage.

C1.2.7. Chapter 8 documents the history and testing of hardened aircraft shelters (HAS).

C1.2.8. Chapter 9 addresses non-storage related protective construction. It currently
contains little information and its expansion will be a priority for Revision 4 of TP15.

C1.2.9. Appendix AP contains Tables AP1-1 through AP1-4, which are discussed in
Chapter 4. Supporting information, as appropriate, are included in the tables.

C1.2.9.1. Table AP1-1 identifies 7- and 3-Bar ECM designs approved for new
construction. These are designs that are being maintained by DoD Components and that are kept
current with explosives safety criteria (e.g., explosives safety, construction, specifications).

C1.2.9.2. Table AP1-2listsexisting 7- or 3-Bar ECM designs that users may find
inthefield. These designs are no longer maintained and will more than likely not reflect current
criteria. [NOTE: These designs can be considered for new construction, as approved on a case-
by-case basis by the DoD Component, provided the designs have been thoroughly reviewed and
the design drawings updated to reflect current criteria.]

C1.2.9.3. Table AP1-3isalisting of ECM designs determined to be Undefined
structures. A design is placed in this category when it is either known to be structurally weaker
than a 7- or 3-Bar ECM design (through a structural assessment, analysis or test), or if insufficient
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information is available to indicate its strength. When testing is being considered, it should be
coordinated through the DDESB to ensure the proper testing is being conducted. [NOTE: These
designs can be considered for new construction, as approved on a case-by-case basis by the DoD
Component, provided they have been thoroughly reviewed and updated to reflect current criteria]

C1.2.9.4. Table AP1-4 lists magazine (both ECM and aboveground) designs and
transportation containers that have reduced QD and/or reduced MCE.

C1.2.10. Appendix AP2, Operation Field Storage, provides information to assist those
users who have a need to establish AE storage sites while deployed. AP2 addresses the use of
protective construction for the reduction of an MCE. Thisisimportant because personnel in the
field typically have insufficient real estate available to them to apply default explosives safety
quantity distance criteria of reference 1-1. The information contained in AP2 was extracted and
consolidated from TP15 and other sources, as necessary. [NOTE: A reduced MCE will generaly,
but not always, result in reduced QD.]

C1.3. TP 15 SUPPORT DOCUMENTATION.

C1.3.1. A great deal of supporting documentation (e.g., construction drawings, approval
memorandums, DoD Component letters, messages, technical reports, analyses) has been
accumulated in the process of developing TP15. Much of the older paper format data has been
converted into an electronic format to make it more shareable.

C1.3.2. In conjunction with the above and to complement TP15, the Naval Facilities
Engineering Command (NAVFAC) has established a webpage in their Whole Building Design
Guide website, specifically devoted to ammunition and explosives storage magazines. The
purpose of this webpage isto assist in the planning and/or design of new Ammunition and
Explosive (AE) storage magazines for the Department of Defense (DoD) by providing definitions,
descriptions, requirements, and standards of drawings and specifications as available. The
information, which isintended to offer a general introduction into the design and approva of AE
storage magazines, can be found at:

http://www.wbdg.org/design/ammo magazines.php

and makes specific information (e.g., drawings, approval memorandum, specifications) related to
magazine designs shown in Tables AP1-1, AP1-2, and AP1-4 more easily accessible to users.
NAVFAC works closely with the DDESB to ensure their web site content is consistent with TP15.

C1.3.3. Finding drawings for older magazines is not an easy process, and in many cases
the drawings may no longer be available. Users of this document need to be aware that the
organizations referred to as "Designer” reflect the original designer; therefore, in some cases, the
listed design organization may no longer be in existence. In such cases, the location of their
drawings may not be known. Drawings for newer magazines, or information pertaining to design
drawings, may be obtained from the design and explosives safety agencies shown below:

Army U.S. Army Corps of Engineers
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Engineering and Support Center, Huntsville (USAESCH)
Attn: CEHNC-ED-CS-S

P.O. Box 1600

Huntsville, AL 35807-4301

Defense Ammunition Center
Attn: SIMAC-EST

1 C Tree Road

McAlester, OK 74501-9053

Navy Naval Facilities Engineering Command (NAVFACENGCOM)
Attn: NAVFAC Criteria Office (Code 15C)
1510 Gilbert Street
Norfolk, VA 23511-2699

Naval Ordnance and Security Activity (NOSSA)
Attn: N54

23 Strauss Avenue, Bldg D323

Indian Head, MD 20640-5035

Naval Facilities Engineering Service Center (NFESC)
Attn: ESC62

1100 23rd Avenue, Building 1100

Port Hueneme, CA 93043-4370

Marine Corps  Commander, Marine Corps Systems Command
Attn: AM-EES
2200 Lester Street
Quantico, VA 22134-5010

Air Force Air Force Safety Center (AFSC)
Attn: AFSC/SEW
9750 Avenue G, Suite 264
Kirtland AFB, NM 87117-5670

DDESB Department of Defense Explosives Safety Board
Room 856C, Hoffman Building |
Attn: PD
2461 Eisenhower Avenue
Alexandria, VA 22331-0600

C1.4. KEEPING TP 15 CURRENT. For TP15 to be of continuing value to al users, itis
important that it be kept current and accurate. The DDESB will maintain this document on its
Web site [http://www.ddesb.pentagon.mil] and will update it as new protective construction
designs are approved and as information is received/evaluated. The explosives safety community
is asked to provide the DDESB (Attn: Mr. Eric Deschambault, Code DDESB-PD) with copies of
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any documentation that can be used to correct, update, or enhance this document. In particular, it
is requested that copies of old drawings and e ectronic photographs be provided for those
structures and barricades listed herein (or not listed so that they can be added), for inclusion into
the documentation database. Upon receipt, al information will be reviewed, and if warranted,
added to TP 15. Asnew designs are approved or modified, they will be added to the
documentation database. In order to improve the timeliness of the magazine listingsin TP15, the
four tables containing the magazine listings were re-located (as part of TP15 Version 2.0) from
Chapter 4 (TP 15, Version 1.0) to Appendix AP1 so that they can be updated periodically without
the re-issuance of TP15.

C1.5. PROTECTIVE CONSTRUCTION SUBMITTALS TO THE DDESB.

C1.5.1. Inorder to clarify requirements for protective construction that are submitted as
part of explosives safety site approval requests, the DDESB issued a Memorandum dated 21
October 2009, Subject: “Minimum Requirements to Validate Explosives Safety Protective
Construction”. An explosives safety submission is required to validate compliance with reference
1-1 for protective construction: When minimum default separation distances are not satisfied,
protective construction may be used in buildings and structures to provide protection against the
propagation of explosions, damage to facilities, and loss of life. Accordingly, protective
construction may be designed to:

(1) Achieve personnel protection,
(2) Protect facilities and equipment, or
(3) Prevent propagation of explosives.

C1.5.2. Reference 1-1, paragraph C4.1, specifically references the Joint Departments of
the Army, the Navy, and the Air Force "Structures to Resist the Effects of Accidental Explosions,”
Army Technical Manual 5-1 300/NAVFAC P-397/AFR 88-22 (TM 5-1300), dated 19 Nov 90,
(reference 1-2) for design procedures for the quantitative protection against the propagation of
explosions, damage to facilities, and loss of life. This document has been superseded by UFC 03-
340-02 (reference 1-3), which has the samettitle. Therefore, future protective constructions should
typically be designed to satisfy the requirements of UFC 03-340-02.

C1.5.3. Of particular importance to Servicesisthat the DDESB memorandum requires
documentation from the DoD Component's explosives safety office verifying that the protective
construction design/modifications comply with references 1-1 and 1-2 requirements. This
verification will be based upon a quality control review (unless a more detailed independent
technical review iswarranted based upon either the lack of experience by the designer or the use
of anew, unvalidated blast analysis or design approach) by a competent DoD blast design agency,
such asthe Naval Facilities Engineering Services Center (NAVFAC ESC) or the US Army
Engineering and Support Center, Huntsville (USAESCH). Because both of these organizations
operate on a cost reimbursable basis, projects must arrange payment for these organizations
services.
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C1.6. DEVELOPMENT OF NEW DRAWINGS. When using a previously approved DDESB
protective construction design and site adapting it for construction at a new location, it is strongly
recommended that the core structura drawing numbers of the design be captured on the new
design drawings. There have been numerous projects where the originally approved design
drawing numbers were not captured in a new drawing package, and the pedigree of the design was
lost. By default, this situation places the new design into an “unknown” category, and as a result,
significant effort/cost has been expended when trying to determine the structural capabilities of a
“hardened” design., such asrevising the structural strength designation from “Undefined” to 7-Bar
for an ECM.

C1.7. REFERENCES.

1-1. DoD 6055.09-STD, "DoD Ammunition and Explosives Safety Standards,” Under Secretary
of Defense for Acquisition, Technology, and Logistics (current edition).
1-2.  Joint Departments of the Army, the Navy, and the Air Force "Structures to Resist the
Effects of Accidental Explosions,” Army Technica Manua 5-1 300/NAVFAC P-397/AFR
88-22 (TM 5-1300), dated 19 Nov 90
1-3.  Unified Facilities Code (UFC) 03-340-02, “ Structures to Resist the Effects of Accidental
Explosions," 5 December 2008
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C2. CHAPTER 2

MAGAZINE HISTORY

C2.1. EARLY HISTORY OF EXPLOSIVES SAFETY DISTANCES. Throughout this
document, reference is made to the American Table of Distances (ATD). Thefollowing provides
abrief history of the ATD, itsorigins, and how it was initially used by the military services. The
historical information contained in this section was extracted from references 2-1 and 2-2 and
various Board records between 1928 and 1956. Reference 2-3 provides alisting and summary
discussion for the meetings that were held during this time period.

C2.1.1. Prior to 1910, there was no recognized rule or table that specified safe distances
from AE storage sitesin the United States. Because of this, large quantities of AE could be and
were stored in close proximity to population centers, often leading to disastrous results when
accidents occurred. In 1910, a group associated with the explosives industry developed the ATD,
with an objective of establishing distances between stores of explosives and its surroundings. The
goal was to minimize hazards to the public and to public property. The ATD distances were based
on experiences from over 100 notable explosions involving up to 800,000 pounds net explosive
weight (NEW). Following development of the ATD, a number of states incorporated it into their
laws. The ATD was adopted for use by the military servicesin 1928. The circumstances leading
to military adoption of the ATD are described in C2.1.3 below.

C2.1.2. Thereweretwo elements of the ATD that eventually led to its demise as the
continued basis for military safe distances for the storage of high explosives. Thefirst was that it
was based on late nineteenth and early twentieth century accidents and did not include more
“recent” (in 1945) accidents involving more energetic or powerful military explosives. The
second was that the primary basis for the ATD was the assumption the explosion took place in the
open, behind a shield or barricade. On thisbasis, the ATD permitted the use of reduced distances,
if the explosion site was barricaded. However, by 1945, it was generally recognized that, except
in very special circumstances, barricades around explosives had no effect in reducing the
maximum distance at which structural damage occurred. This recognition was based on a further
assessment of post-1910 accidents involving military explosives and the results of testing that
proved that the distances prescribed in the ATD were inadequate in providing an acceptable level
of protection to the public involving military explosives.

C2.1.3. Thefollowing chronology describes the origin and use of explosives safety
distances by the U.S. military, up to 1956, when DoD criteria were first published for the storage
and handling of mass-detonating materials:

10 July 1926 - A catastrophic explosion, ignited by alightning strike to an explosives
storage site, occurred at Lake Denmark Naval Ammunition Depot, NJ (located adjacent to
Picatinny Arsenal and approximately 3-1/2 miles from Dover, N.J). Theinitia event
propagated to additional explosives storage sites. This accident virtually destroyed the
depot, causing heavy damage to adjacent Picatinny Arsenal and the surrounding
communities, killing 21 people, and seriously injuring 51 others. The monetary loss to the
Navy alone was $46 million (1926 dollars). Injuries occurred out to a distance of three
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miles. Window breakage extended out to a distance of 5 miles. This event caused
widespread concern and indignation among the public about the practice of building
arsenals and storing dangerous explosives near popul ous communities.

1927 - In light of the Lake Denmark disaster and the general public's concern with military
ammunition storage, the 70th Congress directed that the Secretaries of War and Navy
prepare areport on the subject of anmunition storage conditions. The Secretaries
subsequently assigned a Joint Board on Ammunition (JBA), consisting of four military
officers, "to conduct a survey of points of supplies of ammunition and components thereof
for use of the Army and Navy...". This Board convened on 9 Jan 1928. In their fina
report, submitted approximately two months later to the Secretaries, the Board made
specific recommendations for correcting the storage problems they found; they also
recommended the adoption of the New Jersey explosives law, which had incorporated the
ATD asits standard of safety. The Secretaries approved the Board's report.

1928 - The Secretaries transmitted their final report on 9 Mar 1928 to the House of
Representatives. The Committee on Appropriations printed the report and it became
known as House Document No. 199. Subsequently, a special sub-committee of the House
of Representatives was appointed to investigate the issue of explosives storage. During the
hearings, the sub-committee chairman suggested that a permanent board of munitions
storage, representing both the Army and Navy, be established. The sub-committee also
recommended appropriations to carry out the recommendations of House Document 199.
Congress approved both the recommendations and the appropriations. Subsequently, the
Joint Army Navy Munitions Board (JANMB) was established on 6 August 1928. This
Board used the ATD asits guide for the application of safe separation distances.

1945 - Reference 2-1 was published. This paper compared accident data (117 events from
1882 to 1909) used to develop the ATD to additional accident data (66 events from 1910 to
1945) that had occurred after the ATD was published. The data presented showed that the
safety distances required by the ATD were inadequate for military explosives, and that an
increase in the safety distances was warranted.

1948 - In a 19 Jan 1948 letter, the Army Navy Explosives Safety Board (ANESB)
documented their concern that the barricaded inhabited building distance (IBD) and public
traffic route distance (PTRD) criteria of the ATD did not provide reasonable and practical
protection against loss of life, seriousinjury, and undue property damage. The ANESB
recommended that greater barricaded IBD and PTR quantity distance (QD) be used in
place of the ATD. Thisrecommendation was aresult of areappraisa (reference 2-4) of
the ATD performed by Dr. Ralph llsley of the ANESB and that was published in 1948.

1948 - In a1 Nov 1948 |etter, the Armed Services Explosives Safety Board (A SESB)
proposed revised QD for mass detonating explosives and ammunition, for adoption by the
Armed Services. No formal adoption of these rules was ever accomplished.

1950 - Ina 1 April 1950 letter, the ASESB again proposed new QD criteriafor mass-
detonating materials,
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1956 - DoD Directive 4145.17, QD Standards for Manufacturing, Handling, and Storage of
Mass-Detonating Explosives and Ammunition, was published on 7 Dec 1956.

C2.2. MAGAZINE DESIGN EVOLUTION FROM PRE-1928 THROUGH 1970. The
historical information provided in paragraph C2.2 below was extracted primarily from a December
1950 document (author unknown), and has, except for minor editing changes, been repeated
verbatim. It chronicles the evolution of AE magazines from aboveground structures (sometimes
barricaded) to the more modern earth-covered structuresin existence today. The 1950 document
also provides aunigque insight into the thought process that drove this evolution. Testing to prove
out the theories about QD associated with earth-covered magazines and their structural strengths
did not begin in earnest until about 1945. The knowledge gained from this testing was responsible
for future magazine designs and separation distance criteria. Testing also disproved many
magazine designs that were considered standards for many years; and consequently they became
unsatisfactory and obsolete. Paragraph C2.3 documents the testing that has had a significant
impact on magazine design and magazine siting criteria.

C2.2.1. Magazines: PRE-1928. AE storage facilities were typically of threetypes. These
were aboveground, casemate, and dumps. There was also one other design that was just starting to
be constructed in the late 1920s. During the 129th Meeting of the ASESB on 13 May 1953, a
discussion was held regarding the Lake Denmark accident of 1926 and the Navy-devel oped earth-
covered magazine design that withstood nearby major explosions of surrounding facilities. At this
meeting, the Navy representative to the Board stated the survival of this particular magazine
design at Lake Denmark was what started the Navy's move towards construction of earth-covered
igloos. Thisevent also later sparked the Army's interest in the earth-covered magazine design
concepts.

C2.2.1.1. Aboveground magazines were rectangular, gable-roofed or flat-roofed
buildings constructed of masonry (typically tile), corrugated asbestos on a wood frame, or
ordinary wood frame construction, with floors at grade or at car-floor level [Note: Refersto the
presence of aloading dock at railcar floor level]. Occasionally, separate barricades were erected
around the magazines, so that safety distances could be halved as permitted at that time by the
ATD.

C2.2.1.2. Casemate magazines were masonry vaults in fortifications (sometimesin
hills, etc.) and were used only at line stations, such as Coast Artillery and Harbor Defense
installations, posts, and seacoast battery emplacements.

C2.2.1.3. Dumps were stacksin the open. Thistype of AE storage was seldom
used, except in wartime.

C2.2.1.4. The Navy's new earth-covered magazine design was constructed of either
stone masonry walls or of reinforced concrete and had 1-foot of earth-cover over the top of the
structure. The principle behind development of this design was that the structure itself was
designed to be weak; in order to avoid confinement and minimize the effects of an internal
explosion, but it would be strong enough to protect its contents from fire, wind pressure, snow



DDESB TP 15, Revision 3
May 2010

loads, and other external forces. The purpose of the earth cover was to provide greater protection
against long-range missiles that might drop onto the top of the structure.

C2.2.2. Magazines: 1928 - 1940. During thistime period, there were two major effortsto
construct ammunition storage structures and ammunition storage depots. The first followed the
1926 Lake Denmark accident and continued until approximately 1934. Thiseffort wasin
response to recommendations made by the JBA in their final report to the Secretaries of War and
Navy, which then went to the 70th Congress. In their report, the JBA adopted the ATD for the
establishment of safe separation distances and made a number of recommendations for
constructing new storage areas and relocating ammunition to safer storage sites. The impact of
adopting the ATD was that a number of ammunition storage locations, in use at the time, were not
ableto meet ATD safe separation distance criteria. In order to bring the storage into compliance
with the recommendations that were made by the JBA, Congress appropriated funds to construct
new magazines at certain existing installations, to construct new depots, and to relocate
ammunition, as necessary. These efforts were coordinated, reviewed, and approved by the Joint
Army Navy Munitions Board (JANMB), which was formed after the JBA completed their report.
As part of this re-stowage effort, new magazines were constructed at Ft. Bragg, Savanna Ordnance
Depot, Benecia Ordnance Depot, Delaware Ordnance Depot, Ogden Ordnance Depot, and
Aberdeen Proving Ground. Navy installations that gained new magazines were: Navy Mine
Depot - Yorktown, VA; Nava Ammunition Depot (NAD) St. Juliens Creek, VA; NAD Hingham,
Mass.; NAD lonalsland, NY; NAD Lake Denmark; NAD Mare Island, CA; Nava Torpedo
Station, Keyport, WA. New depots were also constructed at Hawthorne, Nevada and Kuahua, HI,
in the Lualuae District. The second major ammunition storage (expansion) effort began in the
early 1940's as aresult of WWII. This effort constructed thirteen (13) new Army Ordnance
Depots (see C2.2.3. below) and four (4) new NAD (Burns City, IN; Charleston, SC; Fallbrook,
CA; New Orleans, LA).

C2.2.2.1. Aboveground magazines continued to be regarded as the standard and to
be constructed. Casemate magazines tended towards obsol escence with the decline in importance
of harbor defenses.

C2.2.2.2. The mounded concrete arch magazine was originally designated "under
ground magazine" and was soon dubbed the "igloo-type magazine" or smply "igloo". Thisdesign
appears to have been devel oped during the 1920s, possibly independently, in different places. The
German "Munitionshaus' being constructed in 1938, and probably before, was of thistype. U.S.
Naval ammunition depots had igloos in existence by 1928. Brigadier General Hof of the
Ordnance Department, U. S. Army, learned of the Navy igloos, and in light of their survival at
Lake Denmark, directed adoption of this concept by the Army. [Note: General Hof was one of
four military officers assigned to the 1928 Joint Board on Ammunition that reviewed ammunition
storage following the Lake Denmark accident. He was also the first Chairman of the JANMB.]

C2.2.2.3. Theseigloos consisted of areinforced concrete, approximately semi-
circular barrel arch springing from afloor at grade (or occasionally at car-floor level). It wasthus
above natural grade, but was called "underground", because the arch and rear wall were covered
over with earth.

10
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C2.2.2.4. Factorsthat led to the preference for the "underground” magazine over
the older aboveground types were:

C2.2.2.4.1. Thethermal insulation qualities of the concrete and earth would
eliminate the extreme high temperatures which were experienced in aboveground magazines and
which accelerated the deterioration of smokeless powder and other stores.

C2.2.2.4.2. The earth-cover would facilitate camouflage.

C2.2.2.4.3. It was expected that the igloo would be less of ahazard to its
environs than an aboveground magazine, particularly an unbarricaded, aboveground magazine. It
was supposed that an explosion of the igloo's contents would be confined by the thick haunches of
the concrete arch and by the thick earth fill at the sides, and would be vented upwards through the
thin crown. It was expected that the radius of simultaneous ("sympathetic") detonation, the radius
of structural damage, and the range of debriswould al be reduced.

C2.2.2.4.4. Inview of C2.2.2.4.3 above, intermagazine distances, inhabited
building distances, etc., could be halved because of being "barricaded” without the necessity for
separate barricades, and land area requirements would be substantially reduced.

C2.2.2.4.5. It was supposed that the igloo would be missile-proof and
resistant to structural damage, with respect to an explosion at an adjacent igloo. In aboveground
magazines, even though barricaded, explosives subject to initiation by missiles or by structural
damage had to be separated from missile-forming and mass-detonating ammunition by inhabited
building distance, rather than by intermagazine separation distance. With igloos, this requirement
could be waived, with a further saving in land requirements, to provide increased flexibility and
efficiency in space utilization.

C2.2.2.4.6. The possibility of propagation of an explosion from magazine
to magazine would be reduced to practically zero.

C2.2.25. First Army '"Standard' Magazine (‘*'old Savanna type'").

C2.2.2.5.1. OQMG Drawings 6379-160 and 6379-161; changed to 652-311
and 652-312 (Ordnance Drawings. 19-2-03 and 19-2-04, Magazine Type 30), dated 19 July 1928.
"Standard Underground Magazine".

C2.2.2.5.2. Thisreinforced concrete (RC) magazine had interior
dimensions of 25 feet wide, 40 feet 4 incheslong, and 10 feet high at the crown. The arch crown
was 5 inchesthick. The base of the arch was 10 inches thick. The front concrete wall had a
thickness of 4 inches and the rear concrete wall was 6 inches thick. The arch and walls had wire
mesh reinforcement that was electrically grounded. The magazine had a six-foot by eight-foot
double steel-clad wood door. A full-timber headwall was provided. There was no platform or
apron, and the magazine fronted directly onto the road. An optional front barricade, across the
road, could be constructed. Vent louvers were provided. Earth cover, at the crown, was one-foot
thick. [Note: Theterm "headwall" is now used to describe a magazine's front wall, and the term

11
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"wingwall" describes the wall (located on both sides of the headwall) that supports a magazine's
earth cover. Inthe early years of earth-covered magazine design, the term "front wall" denoted
just the portion that fronted the magazine, with the "headwall" defining the portion supporting the
magazine's earth cover.]

C2.2.2.5.3. This magazine was constructed at the following military
instalations: Savanna, Delaware, Benicia, and Aberdeen.

C2.2.2.6. "Old Line'" Type Magazine.

C2.2.2.6.1. OQMG 652-295 and 652-296 (Ordnance Drawings 19-2-107
and 19-2-108, Magazine Type 42), dated 20 June 1933.

C2.2.2.6.2. Same as C2.2.2.5 above, except an exterior monorail was
added, the doors were changed to steel plate, the headwall was changed to concrete, earth cover
was increased to two feet thickness, a sand cushion was placed on the magazine's water-proofing,
and the concrete front wall's thickness was increased to 6 inches.

C2.2.2.6.3. This magazine was intended for use at line stations, such as
Coast Artillery and Harbor Defense installations, posts, and seacoast battery emplacements.

C2.2.2.7. "Old Depot" Type Magazine.

C2.2.2.7.1 Drawings.

C2.2.2.7.1.1. Forty-foot length: OQMG Drawings 652-317
through 652-320 (Ordnance Drawings 19-2-121 through 19-2-124 and 19-2-130, Magazine Type
48), dated 9 December 1935, "Underground Magazine-Igloo Type" (Type 1).

C2.2.2.7.1.2. Sixty-foot length: OQMG Drawings 652-326 through
652-331 (Ordnance Drawings 19-2-125 through 19-2-129, Magazine Type 49), dated 23 July
1937. This magazine had an interior width of 26 feet 6 inches and an interior height of 12 feet 9
inches. A monorail was provided that was supported by pilasters projecting from the end walls. It
had a single 4-foot wide door. Arch wire mesh was used for arch reinforcement. The crown
thickness was 6 inches and the reinforced concrete front wall thickness was 7 inches.

C2.2.2.7.1.3. Thesetypes of magazine were constructed at "old
ordnance depots' (Raritan and Benecia Arsenal, Charleston, Curtis Bay, Delaware, Nansemond,
Ogden, San Antonio, Savanna, and Wingate) and at line stations, such as Coast Artillery and
Harbor Defense installations and seacoast battery emplacements. During construction at Ogden,
the headwalls were stubbed (shortened) by the elimination of wingwalls.

C2.2.2.8. Earliest Known Steel Arch Magazine. The below information and
photographs of an early1940-era, all steel magazine located at Camp Blanding, FL, was provided
courtesy of an architectural historian doing research on the installation. He contacted the DDESB
as part of hisresearch into 24 similar magazines he was evaluating. “Stamped” on one panel for

12



DDESB TP 15, Revision 3
May 2010

each of the head wall platesis“Order 3171, Oalvert Iron Wks, Atlanta, Ga’. Therip rap walls
were added in 1985. Graffiti from the 1940sis written on the majority of theigloos. The earliest
isdated April 9, 1940 and the next closest is February 24, 1941, with the majority dated from
1943. Based on hisresearch, assuming the 1940 date is correct, then these igloos were built for
the Florida Army National Guard (FLARNG), prior to the U.S. Army taking over Camp

Blanding. The Camp historian thought the 1940 date was a little suspect. He was not aware of the
FLARNG building the ASP, but believed that the Army did it when the federal government took
over Camp Blanding on September 14, 1940. The following photographs show an exterior and
interior view:

C2.2.3. 1940 - 1945.

C2.2.3.1. ""New Depots' Type Magazine.

C2.2.3.1.1. OQMG Drawings 652-340 through 652-349, dated 27
September 1940. The drawings were lost and replaced by OQMG Drawings 652-377 through
652-386, dated 30 October 1940. Reference is made in the original documentation to this being a
Type 2 magazine. Reinforced concrete headwalls were 7 inches thick and the crown was 6 inches
thick.

13
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C2.2.3.1.2. Thisdesign provided for three optional interior lengths (40-foot
4 inches (1,003 square feet), 60-foot 8 inches (1,528 square feet), or 81-foot O inches (2,147
sgquare feet)), deleted the monorail and pilasters, and deleted vents, which were subsequently
restored by Revision C, dated 1941).

C2.2.3.1.3. Thistype magazine was constructed at the following new
Ordnance Depots: Anniston, AL; Milan, TN; San Jacinto, TX; Portage, OH; Red River, TX;
Seneca, NY; Navagjo, AZ; Black Hills, SD; Blue Grass, KY; Sierra, CA; Pueblo, CO; Letterkenny,
PN; and Umatilla, OR.

C2.2.3.2. "World War 1" Type Magazine.

C2.2.3.2.1. OCE Drawings 652-686 through 652-693, dated 27 December
1941, "Underground Magazine-lgloo Type". Magazine Type O. Revised 14 March 1942. This
design was available in 60 and 80-foot lengths.

C2.2.3.2.2. Thisdesign hasfully reinforced arch and walls and a full
concrete headwall, vents were restored, an alternate concrete door was added, the front wall
thickness was increased to 10 inches, and sand fill was deleted.

C2.2.3.2.3. Thistype magazine was constructed at Army Ordnance Depots
and at line stations. [Note: A 2 December 1944 document lists this magazine type being
constructed at the following depotsin 1941 and 1942: Umatilla (652 - 60"; 358 - 80"), Wingate
(550 - 60'; 100 - 80"), Anniston (200 - 60'; 600 - 80"), Portage (354 - 60'; 100 - 80"), Milan (600 -
60'; 100 - 80"), San Jacinto (146 - 60'; 54 - 80"), Seneca (400 - 60'; 100 - 80", Red River (300 - 60';
400 - 80", Letterkenny (200 - 60'; 600 - 80", and Sierra (200 - 60'; 600 - 80").]

C2.2.3.3. "Huntsville'" Type Magazine.

C2.2.3.3.1. OCE Drawings 652-1012 through 652-1014, dated 29 April
1942. Magazine Type A-O. Thisdesign was available in 40, 60, and 80-foot lengths.

C2.2.3.3.2. This magazine was aredesign of the World War Il Type
Magazine with the goal being to conserve critical materials needed for the war effort. Reinforcing
was reduced, with the reinforcing bars replaced by 4" by 4" wire mesh weighing 62 Ibs/ft in the
extrados (exterior surface of the arch) only; the headwall was stubbed (earth fill spilled around
front corners); the door was changed to 6-foot double sheet steel; and the front wall thickness was
reduced to 8 inches.

C2.2.3.3.3. This magazine type was constructed at Ordnance Department
industria installations [Notes: An Ordnance Department industrial installation was an activity
operated by the Ordnance Department for the production of ammunition. A 2 December 1944
document states that 40, 60, and 80-foot magazines were constructed at the following depotsin
1942: Pueblo (200 - 60', 600 - 80"), Black Hills (200 - 60', 600 - 80"), Blue Grass (200 - 60", 600 -
80"), Navajo (200 - 60", 600 - 80"), and Tooele (200 - 60', 600 - 80"). Two forty-foot magazines
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were constructed at each of the following ordnance depots. Umatilla, Wingate, Anniston, Portage,
Milan, San Jacinto, Seneca, Red River, Letterkenny, Pueblo, Black Hills, Blue Grass, Navagjo, and
Tooelg]

C2.2.3.4. "Corbetta and Beehive' Type Magazines. Thishas also been called a
"Dome-Type" Magazine.

C2.2.3.4.1. OCE Drawings 652-1000 through 652-1010, dated 19 February
and 23 March 1942, "Underground Magazines 52-foot 0 inches and 44-foot seven inches, Corbetta
and Beehive Types'.

C2.2.3.4.2. Thisdesign has areinforced concrete dome (oblate
hemispheriod) and the floor is at grade level. Other featuresinclude 2-feet of earth cover, asingle
6-foot double sheet-steel door, and a buried counter-poise (ground loop), to which was grounded
the magazine's metallic masses (reinforcing steel, door, ventilator). The ventilator also had an air
terminal for lightning protection.

C2.2.3.4.3. Thistype magazine was constructed at Curtis Bay (location for
pilot model magazine), Sioux (A 2 December 1944 document lists the following quantities as
being constructed 202 - Corbetta; 600 - Beehive), Susquehanna, and Ordnance Department
industria installations.

C2.2.3.5. "Richmond" Type Magazine.

C2.2.3.5.1. OCE Drawing 652-1017 and 652-1018, dated 13 May 1942.

C2.2.3.5.2. Thismagazineisnot an igloo, but it has been frequently so
miscalled. It has massive masonry side and rear walls, which are banked with earth. It has awood
frame front wall, with asbestos shingles, and a wood frame gable roof.

C2.2.3.5.3. Thistype magazine was constructed at Ordnance Department
industria installations.

C2.2.4. 1945 Through 1970s.

C2.2.4.1. Thefollowing door design/installation drawings and sketches were
provided to the Armed Services Explosives Safety Board (ASESB) for review. Prints were
furnished to OCE along with ASESB recommendations for their usein lieu of the typical four-
foot, single blast-proof door being used at the time.

C2.2.4.1.1. Office of the Chief of Ordnance (OCO) Sketch UD-29, dated
11 February 1946 (revised 14 March 1946), was for a 6-foot double blast-proof door.

C2.2.4.1.2. OCO Sketch UD-29A dated 14 Mar 1946, for installation of
Sketch UD-29 6-foot double blast-proof door on existing igloos.
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C2.2.4.1.3. FP 3a, dated 23 April 1946, for a double blast-proof door, was
designed by Mr. Stradley of Code ORDFT, for specia projects at Ordnance Depot Wingate.

C2.2.4.2. "Engineer' Type Magazine.

C2.2.4.2.1. OCE Drawing 33-15-01 (7 sheets), dated 27 January 1948.

C2.2.4.2.2. This magazine design was similar to the World War Il Type,
except that door was changed to an un-reinforced 6-foot single, steel plate; the headwall was
stubbed; the platform and apron were rearranged; the front wall was restored to a 10-inch
thickness; full reinforcement was restored; and sand fill was restored.

C2.2.4.2.3. Thisdesign wasissued primarily for line station use, such as
Coast Artillery and Harbor Defense installations, posts, and seacoast battery emplacements.

C2.2.4.3. Observed Magazine Design Problems.

C2.2.4.3.1. Thedoor of the "Engineer" Type Magazine was questioned as
to its blast resistance capability.

C2.2.4.3.2. The "Corbetta and Beehive" Type Magazines, originally
approved by OCO, were considered unsatisfactory following their approval and were officialy
made obsol ete.

C2.2.4.3.3. The"Huntsville" Type Magazine had never been approved and
was considered unsatisfactory.

C2.2.4.3.4. The"Richmond" Type Magazine, awartime substitute, was
never classed as an igloo magazine for QD purposes.

C2.2.4.3.5. All pre-World War 1l Magazines were no longer considered
fully satisfactory with respect to explosives safety.

C2.2.4.4. Correction of Design Problems. In 1945, preliminary magazine testing
had begun with the goa of proving out magazine designs and the separation distances being used
by the Services. Asaresult of the data obtained from this preliminary testing, the ASESB issued a
report, dated 1 April 1950, that called for the front walls of magazines to be increased in strength.
This report also recommended that doors be widened to provide for safer handling of AE. On
February 26, 1951, the Air Force concurred with criteriafor arevised magazine design and
Drawing DEF-E-33-15-04, Magazine, Mounded Concrete Igloo, Type MA-5, dated 29 May 1951
was created. With this design, magazine designs evolved from those based on theory to magazine
designs founded on test results.

C.2.2.45. New Army Magazine.

C2.2.4.5.1. OCE Drawing 33-15-06 (6 sheets), dated 1 August 1951.
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C2.2.4.5.2. This magazine represented aredesign of Drawing 652-686
through 652-692: The headwall thickness was increased to 12 inches; larger diameter and more
reinforcing was used; and the door design was changed to two 4-foot wide doors that were 4-
inches thick and were provided with vertical stiffeners.

C2.2.4.6. Steel Arch Magazine.

C2.2.4.6.1. In 1963, three semi-circular, corrugated steel-arch magazines
with hinged double-leaf, steel plate doors were developed by Black and V eatch for the Air Force
and the Defense Atomic Support Agency (DASA). (Note: It appears that both of these drawings
were each a corrugated steel magazine design that had a 12-inch thick reinforced concrete
headwall, a corrugated steel arch, and a reinforced concrete rear wall. A flow-through design also
was devel oped which had two headwalls and no rear wall). Access to the magazine was provided
viaahinged double-leaf steel plate door. A minimum of 2 feet earth-cover was specified. These
magazines were:

C2.2.4.6.1.1. AW 33-15-63 (Air Force), dated 5 Mar 1963. Two
separate designs were identified as part of this drawing: (a) Flow through design consisting of two
headwalls and no rear wall. The magazine measured 11 feet wide by 68 feet long, and (b) a
magazine design that measured 11 feet wide by 17 feet long. The door opening for both designs
measured 10 feet wide by 8 feet high.

C2.2.4.6.1.2. AW 33-15-64 (Air Force), dated 10 May 1963. This
design measured 25 feet wide by 60 feet long and had a door opening that measured 10 feet wide
by 10 feet high.

C2.2.4.6.1.3. 33-15-65 (DASA), dated 10 Jan 1963. This drawing
also had two separate designs identified on it: (a) 7 feet 6 inches by 11 feet long (min) to 27 feet
(max), in increments of 2 feet, and (b) 9 feet wide by 11 feet long (min) to 27 feet (max), in
increments of 2 feet. Each design had a door opening that measured 6 feet wide by 6 feet 4 inches
high.

C2.2.4.6.2. Because these corrugated steel arch designs reflected amajor
conceptual change to the typical arch design (reinforced concrete) previously tested and upon
which criteriawere based, it was unknown whether existing magazine separation distance criteria
could be applied to the semi-circular corrugated steel arch magazine design. Consequently, a
series of testswere initiated at Naval Ordnance Test Station (NOTS), China Lake, CA, between
January 1962 and December 1963. The results from the testing, which established minimum
criteriafor semi-circular, corrugated steel-arch magazines are summarized in C2.3.6.

C2.2.4.6.3. The 3 semi-circular, corrugated steel-arch magazine designs

were approved at the 225th ASESB Meeting as Standard designs for 500,000 Ibs NEW storage
using separation distances determined by the NOT S testing.
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C2.2.4.6.4. Subsequently, the door and headwall design was further tested
during the Explosive Safety Knowledge IMprovement Operation (ESKIMO) 1 test to evaluate the
possibility of further reductions of intermagazine distance and to develop additional information to
indicate the minimum safe distance to use between the concrete headwall of a magazine and the
earth-covered side and rear walls and barricaded headwall of another magazine. These tests are
summarized in C2.3.7. The principal conclusions arrived at from the test were that earth-covered,
semi-circular steel-arch magazines, without intervening barricades, could be separated in aface-
to-rear orientation by 2.0W ¥*and in aface-to-side orientation by a distance of 2.75W 3. In
addition, asaresult of ESKIMO | data, the DDESB adjusted the spacing for aface-to-face
orientation to 11W “*when unbarricaded, and to 6W Y3, when barricaded.

C2.2.4.7. Modification of Steel Arch Thickness. Inresponseto a Navy query
regarding NAVFAC Standard Steel Arch Magazines and an interest by the Navy in moving from a
1 gage corrugated steel arch to an 18 gage corrugated steel arch, ASESB-PP Memorandum of 18
June 1971states that "The ASESB has recommended new standards for separation of earth-
covered igloos which provide the same separation distances between earth covered surfaces of
standard types regardless of the material of construction. The results of a number of recent tests
including the Air Force Big Papa series indicate the volume of earth interposed is more important
than other factors in preventing communication of detonation. If the headwall and rear wall
construction proposed by the Navy are identical to the standard steel arch magazine, and the arch
is of sufficient strength to permanently support the standard earth cover, these may be considered
standard for the application of the siting criteria.”

C2.2.4.8. Oval Steel Arch Magazine.

C2.2.4.8.1. OCE Drawing 33-15-73, dated February 1975.

C2.2.4.8.1. Inthe period 1972 through 1974, the Office, Chief of Engineers
(OCE), contracted for and supervised the design of a new magazine design. The structure was
built of acorrugated steel arch having anon-circular (oval) cross section, with asingle leaf dliding
door mounted on areinforced concrete headwall. This designed was considered optimal for
unitized loads of rectangular shape and its relative construction economy (as compared to an all
reinforced-concrete arch and headwall magazine design).

C2.2.4.8.2. Sincethe design represented a departure from the previously
approved semi-circular steel arch design, it was incorporated into a series of tests, known by the
acronym ESKIMO, the DDESB was developing and sponsoring to further define magazine
separation distance requirements. A full-scale prototype of the oval steel arch magazine was tested
at the Naval Weapons Center, China Lake, CA. The tests demonstrated the safety of the oval arch
magazine design at the minimum separation distances permitted by QD standards for side-to-side
orientations and for certain permissible headwall exposures. In January 1976, the DDESB
approved the oval steel arch magazine (specifically OCE 33-15-73) as a Standard magazine for the
storage of up to 500,000 Ibs NEW at minimum separation distances permitted.

C2.2.4.9. Design Enhancements/New Designs. Enhancement of existing designs
| and development of new designs has been ongoing, and there has been significant testing and data
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analysis associated with their development. That information has been captured in the next
section (C2.3), which provides full descriptions and results of that work. Descriptions and
illustrations of those newer designs can be found in Chapter 4.

C2.3. MAGAZINE TESTING.

C2.3.1. Magazine Siting (From Laws of New Jersey - 1925). Asdiscussed at the start
of this chapter, the IMB adopted the explosives laws of the State of New Jersey for its standard of
safety. Theselaws, which incorporated the ATD, specified the following with respect to
explosives storage:

C2.3.1.1. Magazinesin which more than 50 pounds of explosives are kept or
stored must be detached from other structures and magazines.

C2.3.1.2. Magazines where more than 5,000 pounds of explosives are kept or
stored must be located a minimum of 200 feet from other magazines.

C2.3.1.3. Magazines where quantities of explosives over 25,000 pounds are kept or
stored must be located a minimum of 200 feet from other magazines, with an increase of two and
two-thirds (2-2/3) feet for each 1,000 pounds of explosives in excess of 25,000 pounds.

C2.3.1.4. "No quantity in excess of 250,000 pounds of explosives ... shall be had,
kept, or stored in any factory building, or magazine in this state.”

C2.3.2. Magazine Siting (post 1928). In March 1928, this Board established additional
AE storage rules to complement the ATD. These rules were:

C2.3.2.1. The Army could store up to 250,000 pounds NEW at a minimum IMD of
400 feet.

C2.3.2.2. The Navy could store up to 143,000 pounds NEW at a minimum IMD of
500 feet.

C2.3.3. Naval Proving Ground, Arco, Idaho, 1945 Testing.

C2.3.3.1. During this period of history, the armed services were limited to an
allowable quantity per storage unit of 250,000 pounds, which for strategic and economic reasons
was regarded as the maximum quantity whose loss could be risked at one time. However, with the
close of World War 11, on-hand ammunition tonnage quantities were so vast that the earlier
considerations were no longer valid and the question of safety of surrounding populations and
structures and the avoidance of major losses became the only impediments to raising the limit. It
was out of this concern that the JANASB, in October 1944, recommended to the Secretaries of
War and Navy, that testing be conducted to determine whether standard intermagazine distance
might safely be reduced and whether AE might safely be stored in open stacks midway between
existing magazines. Successful testing would help alleviate safety concerns, eliminate the need to
purchase additional land for the construction of new magazines to handle the influx of returning
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AE, extend available data on QD relations for storage of high explosives, and provide a check on
the inhabited building safety distances for barricaded storage, as prescribed by the ATD. The
ATD permitted the reduction of inhabited building safety distances by 50%, if a barricade stood
between the explosives and the inhabited building. In October 1947, the Secretaries of War and
Navy approved testing and each service contributed funding to conduct the tests, which required
the construction of four test igloo magazines, three revetments, and a wood-frame barracks test
building.

C2.3.3.2. The 1945 tests are documented in reference 2-5. The following
conclusions were reached from the tests:

C2.3.3.2.1. The Army standard intermagazine spacing of 400 feet (K6.4),
clear distance edge-to-edge, between earth-covered, reinforced concrete, arch-type (igloo)
magazines that were limited to 250,000 pounds net pounds of high explosivesin each, could be
reduced to 185 feet (K2.94), without appreciable risk that a detonation of the entire contents of one
such magazine would propagate to another. This 185-foot clear distance results when an
additional magazineis built midway between two existing magazines at the Army standard
intermagazine spacing of 400 feet.

C2.3.3.2.2. Structural damage done to an igloo when a 250,000-pound
charge is detonated in a neighboring igloo at 185-foot (K2.9) clear distance is dlight.

C2.3.3.2.3. When 250,000 pounds of high explosives are detonated in an
open revetment located midway between igloos 400 feet (K6.4) apart, it isimprobable that the
explosion will propagate to either igloo, and they will not suffer severe damage.

C2.3.3.2.4. A two-story, wood-frame, standard-type barracks building is
not entirely safe from structural damage, and its occupants are likely to suffer severeinjury from
flying fragments of window glass, when 250,000 pounds NEW of high explosives are detonated
within an igloo magazine at a distance of 2,155 feet (K34.2), the safety distance specified by the
Table of Distances for inhabited buildings from a barricaded storage of such quantity.

C2.3.3.3. In February 1946, the JANASB voted to continue the test program begun
in 1945, with the primary interest in further investigating the possibility of safely increasing the
potential storage capacities of existing storage facilities, without acquiring additional land, by
raising the allowable explosive limit per igloo magazine to 500,000 net pounds of high explosives.
In addition, the Board contemplated that it might be safe and feasible to double the quantity of
high explosives per igloo magazine (to 500,000 pounds), while reducing by 50% the required 400-
foot intermagazine separation distance used between magazines. In order to evaluate this
possibility, the Board chose to use a 185-foot (K2.3) spacing (side-to-side) between test magazines
and a 360-foot (K4.5) spacing (front-to-rear) spacing between test magazines. One other area that
the Board decided to eval uate was the effect that increased earth-cover might have on the blast
phenomena. Thiswould be done using a number of 1/10-scale model igloos, which were already
available, and afull-scale igloo magazine remaining from the 1945 test series.
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C2.3.4. Scale Model Testing at Underwater Explosives Research Laboratory, Woods
Hole, MA, 1945 Testing, and Naval Proving Ground, Arco, Idaho, 1946 Testing.

C2.3.4.1. Scale mode tests of detonations of high explosive chargesin igloo
magazines and in open storage were conducted at Naval Proving Ground, Arco as a sequel to
similar tests by the Woods Hole Oceanographic Institution, in order to further study the effects of
such explosions on next-in-line igloos, to investigate whether the model law holds for determining
various phenomena from explosions, and to determine how increased earth cover on the exploding
donor magazine affects these phenomena. In order to investigate the effects of explosionsin
igloos on adjacent igloos, without going to great expense, the Board arranged for tests to be
conducted using 1/10 linear scale models of the standard Army and Navy 27-foot by 80-foot igloo
magazine and 1/1000 ratio of charge weights. Eight tests were held, six with 250-pound charges
and two with 500-pound charges, simulating certain phases of the 1945 and 1946 full-scale test
programs.

C2.3.4.1.1. The 1945 Woods Hole scale model testing is recorded in reference 2-6,
while the 1945 Arco scale model test report is provided by reference 2-7. The following
conclusions were reached from the this series of tests:

C2.3.4.1.1.1. Themodd law holds for air blast, crater diameters, horizontal
earth movement, and damage to structures by air blast.

C2.3.4.1.1.2. Themode law does not hold for crater depths, vertical
ground movement, vertical component of ground shock, or damage to target igloos (whichis
partially caused by ground shock).

C2.3.4.1.1.3. Increased earth cover on adonor igloo magazine reduces air
blast and damage to target structures.

C2.3.4.1.1.4. Use of standard service igloos does not justify halving the
distances, specified by the ATD, for safety of inhabited buildings from unbarricaded charges. The
ATD permitted halving required distances, if a barricade was present. [Note: Use of the term
"standard” in 1945 and 1946, to describe an igloo, merely indicated that it was typical of what was
being constructed by the Services at the time. During this period of magazine design history, the
explosives safety community was still trying to determine what the strengths of these magazine
designs were and what role these strengths played in preventing propagation. It was aresult of
these early tests that the term "standard" was revised to describe a magazine that, because of its
inherent strength, met specific construction criteria that would permit it to be located closer to
adjacent magazines containing up to 500,000 pounds NEW, as compared to those magazine
designs that did not meet the more robust construction criteria]

C2.3.4.1.1.5. Standard Army revetments around open charges do not reduce air
blast generated by detonation of their contents.
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2.3.5. Full-Scale Reinforced Concrete, Arch-Type Igloo and Revetment Tests at
Naval Proving Ground, Arco, ldaho, 1946.

C2.3.5.1. Test Description. This series of tests was the continuation of testing
begun in 1945, as described in paragraph C2.3.3, above. One of the proposed tests would utilize
the remaining full-scale igloo from the 1945 test series, in order to obtain further data on the
effects of augmented earth cover on adonor igloo with respect to blast damage and window
breakage in nearby habitation-type buildings. The new facilities constructed in support of the
1946 testing included two reinforced concrete arch, earth-covered igloo magazines, two
revetments, and three modified barracks structures. One of the igloos was constructed to Army
Drawings (OCE) 652-687 through 652-693, while the second igloo was constructed to Bureau of
Y ards and Docks Drawings 357428 through 357430, except an Army-type door was installed.
The Army igloo had no barricade, while the Navy igloo was provided a front barricade. These
two igloos were tested with 500,000 pounds NEW of high explosives. Theigloo used for the
increased earth cover test was also of the Army design (Drawings 652-687 through 652-693) and
its earth-cover at the crown was increased to a depth of approximately 6-1/2 feet. Thisigloo was
tested with 250,000 pounds NEW of high explosives. The revetments were of the standard Army-
typein use at the time.

C2.3.5.2. Test Conclusions. The report for this series of testsis provided by
reference 2-8. The following conclusions were reached from these tests:

C2.3.5.2.1. Clear distances between standard reinforced concrete, arch-type
igloos could be reduced to 185 feet (side-to-side), which equates to 2.3WY3, for 500,000 pounds
NEW.

C2.3.5.2.2. The maximum quantity of high explosives permitted in each
igloo tested could safely be raised to 500,000 net pounds of high explosives.

C2.3.5.2.3. Army magazine design (OCE) 652-687 through 652-693 and
Bureau of Yards and Docks (Bureau Y & D) magazine design 357428 through 357430, modified
with an Army blast door, were qualified as standard magazines for 500,000 pounds of high
explosives.

C2.3.5.2.4. Based on the damage experienced by the barracks structures
from an explosion involving 500,000 pounds of high explosives, the 50% reduction of inhabited
building distances, as permitted by the ATD when there is a barricade between the explosives and
the inhabited buildings, is unwarranted in the case of standard earth-covered magazines. Testing
showed that only a 20% reduction of the unbarricaded inhabited building distance is warranted.

C2.3.5.2.5. No evidence was produced to support the theory that an
increase in earth-cover was sufficient to warrant reduction in inhabited building distances.

C2.3.5.3. Criteria Change as a Result of Testing. Based on the results of this
testing, Bureau Yards & Docks' (Y &D) magazine design 357428 through 357430, dated 9 August
1944, and other magazines of equivalent strength, were required to use a side-to-side magazine

22



DDESB TP 15, Revision 3
May 2010

separation distance of 210 feet (K3.3) for quantities up to 250,000 net pounds of high explosives
and a magazine separation distance of 400 feet (K6.3 to K5.0) for quantities over 250,000 pounds
and up to 500,000 pounds. When modified by the addition of an Army blast door, these
magazines were permitted to store up to 500,000 pounds with a side-to-side intermagazine
separation distance of 185 feet (K2.3). [Note: Thereisa9-year gap between when the above
testing of Bureau Y ards & Docks' (Y & D) magazine design 357428 through 357430 occurred
(1946) and when the Bureau Y & D blast door design, Drawing 626739, dated 19 March 1954,
was published. The 1955 ASESB explosives safety standard specified that, in order to qualify asa
"standard" magazine, Bureau Y ards & Docks' (Y & D) magazine design 357428 through 357430,
dated 9 August 1944, was required to be modified in accordance with Bureau Y & D Drawing
626739, dated 19 March 1954. Between the years 1946 and 1954 Bureau Y ards & Docks (Y &D)
magazine design 357428 through 357430, dated 9 August 1944, was considered as a "standard"
magazine when it had been modified with an Army blast door. It istherefore concluded that if the
blast door being used on an arch-type igloo was equivalent to that being used with approved Army
magazine design (OCE) 652-687 through 652-693, then it qualified the igloo to be considered a
"standard" magazine.]

C2.3.6. Earth-Covered, Steel-Arch Magazine Tests, Naval Ordnance Test Station
(NOTS), China Lake, CA, 1962 -1963.

C2.3.6.1. Test Description. Full-scale and model testing experiments conducted
previously had demonstrated that the historical criteriafor the storage of high explosives could be
substantially improved for standard, reinforced-concrete, arch-type igloo magazines. The series of
tests conducted between January 1962 and December 1963, at NOTS, had three goals; 1)
determine the feasibility of reducing the land area required for high explosives storage by further
reducing intermagazine spacing, 2) establish the minimum safe distance permissible between
earth-covered, steel-arch magazines, and 3) compare the intermagazine protection afforded by the
more economical steel-arch magazine with that afforded by the reinforced concrete, arch-type
magazine. The stedl-arch-type magazine designs to be tested were the Air Force's 33-15-63 and
33-15-64.

C2.3.6.2. Test Conclusion. Thetest series are documented in reference 2-9. The
test concluded that steel arch magazine igloos could be safely located at side-to-side separation
distance of K1.25; rear-to-rear separation distance of K1.5, and rear-to-front (unbarricaded) of
K4.5.

C2.3.6.3. Criteria Change as a Result of Testing. Based on the results of this
test series, the 225th ASESB of 19 February 1964 approved the siting of earth-covered, steel-arch
magazines, constructed per Drawings AW 33-15-63 (5 March 1963), AW 33-15-64 (10 May
1963), and 33-15-65 (10 January 1963), or their equivalent, as standard magazines, using the
following criteria

* Spacing isto be 1.25W"2 for side-to-side and side-to-rear orientations.
* Spacing isto be 1.5W*Y? for arear-to-rear orientation.

* Spacing isto be 4.5W*3 for front-to-rear or front-to-side orientations.
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* No magazine shall be spaced one from another at less than 7 feet.

C2.3.7. Explosive Safety Knowledge IMprovement Operation (ESKIMO) test series
(I through VI1), Naval Weapons Center, China Lake, CA., 1971 through 1985. Testing prior
to the ESKIMO Series confirmed that some selected arch-type magazines, extant at that time,
could be sited side-to-side at a scaled distance of 1.25WY3, and that the separation distances for
other orientations were overly safety conservative. Since these earlier tests did not satisfactorily
answer questions about necessary separation distances for other orientations, additional testing
was necessary. These questions led to the devel opment of the ESKIMO Test Series (ESKIMO |
through V1), which was conducted as part of a continuing program to determine more accurately
minimum safe separation distances between earth-covered magazines storing high explosives.
The reports for these tests are provided by references 2-10 through 2-18.

C2.3.7.1. ESKIMO 1, 8 December 1971. Previoustesting had demonstrated that
earth-covered, steel-arch magazines could be safely spaced side-to-side at a distance of
K=1.25W"3, However, little information had been developed to indicate the minimum safe
distance to use between the concrete headwall of a magazine and the earth-covered side and rear
walls and barricaded headwall of another magazine. The most recent data from the 1962 NOTS
Test (reference 2-9) showed that a spacing of 4.5W"° for a front-to-rear orientation appeared to be
conservative. ESKIMO | was designed to evaluate the possibility of further reductions of
intermagazine distance.

C2.3.7.1.1. Test Description. The test required the construction of four
acceptor steel-arch magazines constructed per OCE Drawing AW 33-15-64 (their lengths were
limited to 20 feet) and one barricade. The donor magazine was a remaining structure from earlier
1963 testing. The acceptor magazines were oriented with respect to the donor, so that the desired
relationships (i.e. front-to-side, etc.) could be tested. The donor charge consisted of 200,000
pounds of TNT contained in 13,696 155-mm projectiles. Thetest was fully instrumented in order
to obtain the data described in the test objectives. High-explosive charges were located in each of
the acceptor igloos to provide further evidence of the probability of the explosion propagating to
the acceptor magazines. Each magazine contained eight acceptor charges, arranged in two rows of
four, across the face of the magazine, one about 18 inches off the floor, and the other above it,
about five feet off the floor.

C2.3.7.1.2. Test Objectives. Principal test objectivesfor ESKIMO | were:
evaluation of igloo intermagazine spacing; measurement of fragment mass and distribution
resulting from the mass detonation of typical high-fragmentation ammunition stored in a standard
earth-covered igloo; measurement of air blast in the area surrounding such an explosion; and
measurement of the structural motion of an earth-covered igloo in response to the explosion in an
adjacent magazine.

C2.3.7.1.3. Test Conclusions. The principal conclusions arrived at from
the test were that earth-covered, steel-arch magazines, without intervening barricades, could be
separated in aface-to-rear orientation by 2.0W* and in aface-to-side orientation by a distance of
2.75WY3. In addition, as aresult of ESKIMO | data, the DDESB adjusted the spacing for aface-
to-face orientation to 11W* when unbarricaded, and to 6WY3, when barricaded.
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C2.3.7.2. ESKIMO 11, May 1973. Thiswas the second in a DDESB-sponsored
series of tests, whose main purpose was the evaluation of the protection afforded by five steel-arch
acceptor igloo magazines, against communication of explosion, when their headwalls faced a
barricaded donor site (bombs in arevetment).

C2.3.7.2.1. Test Description. ESKIMO Il was afull-scale proof test of
other existing and modified door and headwall designs; in this test, the separation distances from a
donor stack of bombs, in arevetment, were approximately the same for all five acceptor igloo
magazines facing the stack. The donor stack consisted of 72 M117 bombs, witha TNT
equivaency of 24,000 pounds. This explosion source was designed to produce an impulse load of
1100 psi-ms on the headwalls of the five acceptor magazines, each located 147 feet away from the
explosion source. Two of the three acceptor magazines had no acceptor charges inside them. The
remaining three acceptor magazines each contained twelve M 15 land mines as acceptor charges.
The land mines were positioned in two rows of six, one row approximately three feet from the
floor, and the second row was located approximately six feet from the floor. The rows were
located three feet from the headwall and door.

C2.3.7.2.2. Test Objectives. The objectivesof ESKIMO Il were:

C2.3.7.2.2.1. Evauation of the resistance of several types of igloo
door and headwall designs, and of proposed modifications to existing door and headwall designs,
to withstand the blast environment associated with an explosion. The headwall and door designs
tested were one Navy Type || Magazine (NAVFAC Drawing 649-604), with its hinged, double-
leaf doors; one proposed non-circular, steel-arch (oval) Army Stradley Magazine (OCE Drawing
33-15-61), with its bi-parting, sliding doors; and three Army steel-arch magazines (OCE 33-15-
64), with three different door designs. One was the double-leaf, hinged doors specified on OCE
Drawing 33-15-64, the second was a proposed single-leaf, sliding door designed by Black and
Veatch and shown on an unnumbered drawing dated 25 October 1972, and the third was a
proposed double-leaf, hinged door, with removable steel beam reinforcing, which represented a
Black and Veatch modification of the door shown on OCE Drawing 33-15-64.

C2.3.7.2.2.2. Investigation of hazards associated with window glass
and window frames placed at several distances from explosions, with the emphasis on using
window types common in commercial and institutional buildings.

C2.3.7.2.2.3. Evauation of blast damage to both foreign and
domestic vehicles placed at distances specified by various authorities for public traffic routes.

C2.3.7.2.2.4. Acquisition of dataregarding fragment hazards
associated with an M117 bomb.

C2.3.7.2.3. Test Conclusions. Thiswas an over-test, because the near-
field blast loading exceeded that planned. The conclusions from testing were as follows:

C2.3.7.2.3.1. Though there was awide range of door and headwall
responses, no change to DDESB separation distance standards were considered necessary at that
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time. In addition, the results provided guidance for the selection of promising types of headwalls
and doors to be tested more extensively.

C2.3.7.2.3.2. TheBlack and Veatch single-leaf, sliding door
withstood the blast with minor distortion, although the accompanying headwall suffered severe
damage. The proposed Stradley-type magazine headwall withstood aface-on impulse of 1,750
psi-msec with only minor damage and its non-circular (oval) steel-arch withstood the blast without
breakup or severe distortion. Further, the test reaffirmed a need for achieving a closer balance in
the strength of headwalls and doors.

C2.3.7.2.3.3. Thetest supported DDESB inhabited building and
public traffic route distances. North Atlantic Treaty Organization (NATO) distances were
guestionable.

C2.3.7.3. ESKIMO 111, June 1974. Inthisthird test of the ESKIMO Series,
approximately 350,000 pounds of Tritonal explosives (in M117 Bombs) were detonated
simultaneously within a steel-arch, earth-covered igloo flanked by two adjacent igloos and near
three other igloos located with varying degrees of face-on exposure and at varying distances from
the donor magazine. There were no acceptor charges used in this test.

C2.3.7.3.1. Test Objectives. The objectivesof ESKIMO Il were to:

C2.3.7.3.1.1. Qualify the redesigned oval steel-arch magazine (OCE
33-15-73), at the minimum side-to-side spacing of 1.25W"2, which was permitted for semicircular
and other standard earth-covered magazines. Thiswas the primary objective of the ESKIMO 11
test.

C2.3.7.3.1.2. Evaluate aless expensive, deeply corrugated, 14-gage
(0.075-inch thickness), semi-circular steel-arch, earth-covered magazine. At that time, the
standard gage used for steel-arch construction was 1-gage (0.20-inch thickness).

C2.3.7.3.1.3. Test asingle-leaf, diding door installed on an existing
headwall remaining from the 1963 test, at a distance of 2.75W"? from the donor, with aface-to-
side orientation.

C2.3.7.3.1.4. Further investigate intermagazine separation distances
for other than side-to-side orientation.

C2.3.7.3.1.5. Investigate the hazards associated with window glass
located at varying distances (based on DDESB and NATO inhabited building distances) from the
donor magazine.

C2.3.7.3.1.6. Evauate blast damage to highway vehicles placed at
public traffic route distances specified by DDESB and NATO criteria, from magazine structures.
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C2.3.7.3.2. Test Conclusions. The conclusions resulting from the
ESKIMO 11 test were as follows:
C2.3.7.3.2.1. Theoval sted-archigloo (OCE 33-15-73) was
qualified, at the minimum side-to-side spacing of 1.25W"* permitted for standard magazines.

C2.3.7.3.2.2. The deeply corrugated, 14-gauge, circular steel-arch
magazine design survived the minimum side-to-side spacing, aswell. Though the degree of
damage was more extensive and arch movement greater than that experienced by the oval, steel-
arch magazine, it was considered that the arch structure would have provided protection against
explosion communication for common explosives stores.

C2.3.7.3.2.3. Thesingle-leaf, diding door experienced little damage
or deformation and was found to be effective whether mounted on a new structure or on an
existing headwall.

C2.3.7.3.2.4. Door and headwall response of the standard magazine
OCE 33-15-64 was unsatisfactory at atest separation distance based on 3.7WY3. A successful test
would have possibly justified a reduction of the required separation distance (based on K6 W*?)
for this orientation. However, test results showed that a relaxation of front-to-front criteria (K6
WY3) for this magazine was not warranted. Thetest consisted of a single barricade between the
donor and the acceptor magazines.

C2.3.7.3.2.5. Test results supported DDESB criteriafor inhabited
building and public traffic route separation distances. [Note: Inthefina report, no conclusions
were provided regarding NATO criteria]

C2.3.7.4. ESKIMO 1V, September 1975.

C2.3.7.4.1. Test Description. Inthistest, three earth-covered magazine
structures each faced an unbarricaded explosion source, located 147 feet away; the source
consisted of 37,000 pounds of TNT contained in a hemisphere built of 8-pound blocks. The donor
explosion size was selected to duplicate the free-field peak pressure and impulse observed at a
scaled distance of 2.0W"3, to the rear of the donor magazinein ESKIMO 111, which contained
M117 bombsfilled with atotal of 350,000 pounds of Tritonal at full-scale quantity. The three
structures tested included; an existing oval, steel-arch magazine used in ESKIMO 111, with a
single-leaf, dliding door (OCE Drawing 33-15-61); a new circular steel-arch magazine constructed
to OCE Drawing 33-15-64, with its specified double-leaf, hinged door; and an existing circular
steel-arch magazine used in ESKIMO 111, with arebuilt OCE Drawing 33-15-64 headwall and a
single-leaf, diding door. The second structure described served as the control structure to
demonstrate directly the relative strengths of the primary target, which was the oval, steel-arch
structure. There were no acceptor charges used in this test.

C2.3.7.4.2. Test Objectives. The objectives of ESKIMO IV were:

C2.3.7.4.2.1. To demonstrate the resistance of a newly designed
headwall and door combination (the oval, steel-arch magazine with a single-leaf, sliding door) to a
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blast simulating that possible at the minimum front-to-rear spacing permitted for semicircular and
other standard earth-covered magazines. This was the primary objective.

C2.3.7.4.2.2. Totest thesingle-leaf, dliding door installed on a
standard headwall (OCE Drawing 33-15-64), at alevel of blast loading equal to that experienced
by the newly designed headwall and door combination.

C2.3.7.4.2.3. To acquire data on the response of a standard
headwall and standard double-leaf, hinged door design to blast loading from a hemispherical
charge of TNT, which has well-documented blast characteristics.

C2.3.7.4.3. Test Conclusions. Based on test results, the following
conclusions were arrived at:

C2.3.7.4.3.1. The blast produced by the donor stack was essentially
as predicted and properly simulated conditions at a scaled distance of 2.0W*3, to the rear of the
donor magazinein ESKIMO 1.

C2.3.7.4.3.2. The newly designed headwall and door combination
(the oval, steel-arch magazine with asingle-leaf, sliding door) responded within acceptable limits
and was considered adequate to protect all magazine stores against propagation of explosion under
the conditions simulated and blast effects produced in the test.

C2.3.7.4.3.3. Theresponse of the control magazine was as
expected, with door failure creating a hazard to more sensitive types of explosive stores, that could
prove unacceptable.

C2.3.7.4.3.4. Theresponse of the test circular steel-arch magazine
used in ESKIMO 111, with arebuilt OCE Drawing 33-15-64 headwall and a single-leaf, diding
door, showed significant damage to the reinforced concrete headwall and a marked imbalance in
strength between the one-piece, horizontally-spanning door and the concrete headwall.

C2.3.7.5. ESKIMO V, August 1977.

C2.3.7.5.1. Test Description. Test magazines were oriented side-on to the
explosion source, at centerline separations of 155 feet. The test was designed to simulate the same
loadings on the acceptor magazines as produced by the ESKIMO 111 donor, where the explosion
source consisted of 350,000 pounds of Tritonal (contained in stacked M117 bombs), placed inside
an 80-foot long, lightweight, 14-gauge, deeply corrugated, steel-arch magazine. Magazinesin
ESKIMO |11 were separated by a scaled distance of 1.25W"3. The oval, steel-arch magazine
(OCE Drawing 33-15-61) used in ESKIMO Il, I1I (for side-on loading) and ESKIMO 1V
(headwall loading) was again tested. However, for ESKIMO V, the earth cover was removed, the
concrete thrust beams were removed, and the earth cover replaced. ESKIMO V aso included a
newly constructed magazine of the FRELOC concrete-arch type (Stradley), U.S. Army Engineer
Command, Europe, Drawing 33-15-13. Door response was not a concern in the ESKIMO V test;
therefore, non-permanent steel doors were spot-welded and/or bolted to the door openings of both
test magazines. There were no acceptor charges used in this test.
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C2.3.7.5.2. Test Objectives. In thistest, ahemispherical charge of
approximately 75,000 pounds of TNT was detonated with the principal objectives being to justify
the removal of concrete thrust beams from an oval, steel-arch igloo and to demonstrate the safety
of applying the current side-to-side separation distances to concrete-arch igloos, which had never
been tested at those distances.

C2.3.7.5.3. Test Conclusions. The ESKIMO V test produced the
following conclusions:

C2.3.7.5.3.1. The blast produced by the donor stack was essentially
as predicted and acceptably simulated conditions at a scaled distance of 1.25 ft/Ib"3, to the side of
the donor magazine asin ESKIMO I11.

C2.3.7.5.3.2. Structural response of the FRELOC concrete-arch
magazine (U.S. Army Engineer Command, Europe, Drawing 33-15-13) was well within
acceptable limits, and the structure was considered to be adequate to protect al magazine stores
against propagation of an explosion under the conditions simulated and blast effects produced by
the test.

C2.3.7.5.3.3. Theresponse of the oval, steel-arch magazine, without
concrete thrust beams was a so within acceptable limits. Comparison of magazine response from
thistest to the response of the steel-arch and the concrete thrust beamsin ESKIMO 111 showed that
the absence of concrete thrust beams did not significantly affect the response of this type structure
under blast loads comparable to, or less than, those of ESKIMO I11 and ESKIMO V. Based on the
test results, thrust blocks were removed from OCE magazine design Drawing 33-15-61.

C2.3.7.6. ESKIMO VI, July 1980. Thiswasthe sixthin aseries of explosives
tests involving earth-covered magazine structures. Thistest was designed to test and evaluate the
safety and performance, under blast loading, of two box-shaped storage magazines. These
magazines included the existing Navy Type |I1B Magazine and the newly designed NAVFAC
Type A Magazine. Prior to ESKIMO VI, box magazines in the field had not been tested or
specifically designed for overpressure loads. Safety policy, therefore, required that they be sited at
non-standard intermagazine separation distances and that their maximum storage capacity be
limited to 250,000 pounds of high explosives.

C2.3.7.6.1. Test Description. In order to keep the costs associated with
ESKIMO VI down, one-half scale test structures were proposed. However, because a box
magazine's geometry is so different from an arch-type, earth-covered magazine, it was expected
that the blast environment produced by the donor and the effect of the acceptor geometry on loads
would be significantly different than those measured for arch-type magazines. Therefore, the U.S.
Army's Ballistics Research Laboratory (BRL) conducted 1/50th-scale model tests of box-shaped
magazines, to determine the blast environment on the acceptors to the front, side, and rear of a
model donor. These are documented in reference 2-16. Pre-shot predictions were devel oped for
nonstandard and standard intermagazine distance for box-type magazines. The donor charge
consisted of 60 MK 16 torpedo warheads containing the equivalent of 44,000 pounds of TNT,
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which corresponded to 350,000 pounds of TNT at full scale, the design charge weight of the new
NAVFAC Type A magazine. This charge was placed in adonor structure, which was constructed
to simulate the mass properties and geometry of the earth-covered Type [IB magazine. There
were no acceptor charges used in this test.

C2.3.7.6.2. Test Objectives. The objectives of ESKIMO VI were to:

C2.3.7.6.2.1. Evauate the safety of existing box-shaped magazines
that used non-standard intermagazine spacing. The Navy's Smokeless Powder/Projectile
Magazine, Type |1B, Bureau Y ards and Docks Drawing 749771, was used to meet this objective
because they were in abundant use and had dimensions that were identical to those of the blast-
resistant Type A magazine. The Type [IB magazine was oriented side-to-side with the donor
magazine with a separation distance of 44 feet (1.25WY3).

C2.3.7.6.2.2. Demonstrate the safety of the new NAVFAC box-
magazine designs for use at standard intermagazine spacing. The structure that was tested was the
new Box Magazine, Type A, NAVFAC Drawing 1404000, which had been designed to resist the
blast loads associated with standard intermagazine separation distances. In the test, the rear of the
Type A ma]\9azi ne was oriented to the front of the donor magazine at a separation distance of 70.5
feet (2.0W3).

C2.3.7.6.2.3. Develop improved load criteria, structural
performance requirements, and appropriate intermagazine spacing criteria for box-shaped
magazine roofs, walls, and doors. The new NAVFAC Type A Magazine and its single-leaf,
sliding doors were selected to meet this objective.

C2.3.7.6.3. Test Conclusions. The ESKIMO V1 test produced the
following conclusions:

C2.3.7.6.3.1. The safety and performance of the Type A magazine,
under "worst-case" standard intermagazine distance pressure loads was confirmed. The test report
noted that the minor damage experienced by the Type A magazine might imply the possibility of
reducing steel and construction requirements while still maintaining satisfactory performance
under blast loading. The Type A magazine roof had been designed for a maximum support
rotation of 2 degrees, in accordance with the tri-service manual on explosion resistant structures
(TM 5-1300, NAVFAC P-397, and AFM 88-22, dated Jun 1969) in use at the time.

C2.3.7.6.3.2. It was demonstrated that the Type |I1B magazine
would sustain only light to moderate structural damage when exposed to non-standard side-to-side
intermagazine distance pressure loads. The door design isinadequate for resisting loads generated
by a 350,000-pound NEW charge. Redesign of the headwall and door system would be needed to
resist such loads. Consequently, non-standard intermagazine separation distance criteria should
continue to be used by the Type 1B magazine.

C2.3.7.6.3.3. Loading criteriawere developed for box magazines
(full-scale) located to the side and forward of adonor. A magazine located to the side of a donor
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at 1.25W"3, asthe Type |1B magazine was, can be expected to experience a maximum roof
overpressure of 105 psi, with a corresponding impulse of 754 psi-msec. The headwall will
experience a peak overpressure of 50 psi and an impulse of 764 psi-msec. A magazine located to
the front of adonor at 2.0WY3, asthe Type A was, can be expected to experience a peak roof
overpressure of 360 psi, with a corresponding impulse of 1,312 psi-msec. The headwall will
experience a peak overpressure of 50 psi and an impulse of 1,218 psi-msec.

C2.3.7.7. ESKIMO VII, 5 and 12 September 1985.

C2.3.7.7.1. Test Description. Theexisting Type A and Type|IB
structures remaining from the ESKIMO V1 test were utilized for ESKIMO VII. ESKIMO VI had
demonstrated an ample, possibly excessive margin of safety in the Type A magazine roof.
ESKIMO VI aso had shown that the door system design of the Type |1I1B magazine was
inadequate to resist the loading resulting from a detonation of 350,000 poundsin asimilar
magazine located at the minimum side-to-side spacing. To address these two areas, two tests were
conducted: TEST A-ROOF and TEST 1I1B-DOORS. There were no acceptor charges used in these
tests. Details of the test and the results are provided in the test report (reference 2-17).

C2.3.7.7.2. Test Objectives. The objectives of these two tests were to:

C2.3.7.7.2.1. Vdlidate the performance of aredesigned door and
headwall system for the Type I1B magazine, under blast loading conditions approximating those at
the minimum side-to-side spacing of earth-covered magazines.

C2.3.7.7.2.2. Evauate the reserve strength inherent in the Type A
magazine design at roof slab deformations corresponding to large rotations at supports.

C2.3.7.7.2.3. Providetest datato support improved load criteria,
structural performance requirements, and design methods for the roofs, walls, and doors of more
economical box-shaped magazines that can be sited at the minimum separation distances permitted
by explosives safety standards.

C2.3.7.7.3. TEST A-ROOQOF, 5 September 1985. To produce the required
airblast loading on the roof, it was necessary to accurately simulate the overpressure component of
the airblast generated by a high explosive surface burst. To accomplish this, atest procedure
called the High Explosive Simulation Technique (HEST), developed by the Air Force Weapons
Laboratory for the Defense Nuclear Agency (DNA), was used to produce the required blast
overpressure and impulse on the roof of the Type A magazine. This technique involved
distributing a high explosive over arelatively large surface area and covering the explosive with a
soil overburden. The HEST charge density used for TEST A-ROOF was designed to produce a
peak overpressure of 800 psi and an impulse of 2,300 psi-msec.

C2.3.7.7.3.1. TEST A-ROOF Results. The average measured
impulse was 2,500 psi-msec. Both internal columns catastrophically collapsed, changing the roof
configuration from aflat slab (with column supports) to arectangular two-way slab restrained on
only four sides. The permanent center deflection at midspan of the roof was 45.5 inches. Both the
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back wall and headwall were forced inward with the maximum inward displacement being 8
inches and 2.5 inches for the back wall and rear wall, respectively. The performance of the Type
A test structurein ESKIMO VI demonstrated an ample, possibly excessive margin of safety in the
Type A box magazine roof, which had been initially designed for a maximum support rotation of 2
degrees (Note: Based on ESKIMO V| test results, allowable roof rotations was subsequently
increased to 8 degrees.)

C2.3.7.7.3.2. TEST A-ROOF Conclusions. In summary, because
the columns failed, it was not possible to directly assess the inherent ultimate rotational capacity
of the box magazine flat slab configuration. What could be concluded was that support rotations
of dabs are possible beyond the 8-12 degree range if tensile membrane behavior can be mobilized.
It was noted that these large rotations occurred without the presence of any roof shear
reinforcement. The NAVFAC box magazines are now designed for maximum support rotation of
8 degrees. Additional information on the test results and conclusions arrived at are provided in
reference 2-18.

C2.3.7.7.4. TEST 11B-DOORS, 12 September 1985. As part of thistest,
the door/headwall combination was redesigned to address problems found as aresult of ESKIMO
VI. The doors were designed for a maximum allowable support rotation of 12 degrees. The
hemispherical donor charge consisted of 13,616 pounds of TNT, located to the side of the Type
[1B magazine being tested, at a distance of 108.6 feet from the magazine headwall centerline. This
charge and distance was cal culated as providing a blast environment similar to that observed in the
ESKIMO VI test.

C2.3.7.7.4.1. TEST 11B-DOORS Results. The redesigned door
and headwall system remained intact and more than satisfied the explosives safety deficiencies
uncovered with the previous door and headwall system in ESKIMO VI. The maximum door
responses measured for the two doors were 2.5 and 3.6 degrees, well below the alowable 12
degrees.

C2.3.7.7.4.2. TEST 11B-DOORS Conclusions. Upgrading the
explosives safety integrity of older box type magazines can be accomplished by replacing the
double leaf hinged doors with sliding (built-up) single leaf doors supported along the door sides
and top by a strengthened reinforced concrete headwall. Additional information on the test results
and conclusions are provided in reference 2-18.

2.3.7.8. ESKIMO SERIES TEST SUMMARY. The ESKIMO tests:

C2.3.7.8.1. Vadlidated the acceptability of using a side-to-side spacing of
K1.25 for earth-covered, arch-type magazines, for hazard division (HD) 1.1 NEW up to 350,000
pounds. [Note: The DDESB subsequently determined that the results of the ESKIMO Series were
valid for HD 1.1 NEW up to 500,000 pounds.]

C2.3.7.8.2. Showed that the roofs of flat-roofed magazines needed specific
design considerations (ESKIMO VI and V1I).
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C2.3.7.8.3. Showed that the headwalls and doors of some of the magazines
in use at the time (i.e., the magazine described in OCE Drawing 33-15-61) required strengthening
to qualify for storage of 500,000 pounds NEW, at the reduced intermagazi ne separation distances
eventually approved for "standard" magazines.

C2.3.7.8.4. Indicated that several of the magazinesin use at the time, and
separated by the intermagazine distances at which they were originally built, could safely contain
up to 500,000 pounds NEW of HD 1.1 material. Prior to the ESKIMO tests, Army magazines and
unbarricaded Navy magazines were typically separated by 400 to 500 feet. Barricaded Navy
magazines were typically separated by 185 feet.

C2.3.8. NAVAJO Depot Activity, Flagstaff, Arizona, 1979 Tests.

C2.3.8.1. Test Description. Full-scale field tests were conducted in 1979, by the
Ballistics Research Laboratory, to characterize the hazards to an exposed site when either a 150-
pound or 450-pound TNT charge, positioned inside earth-covered, reinforced-concrete igloos,
were statically detonated. Test resultstook the form of airblast profiles and concrete fragment
distributions in terms of densities, weights, and their locations relative to igloo orientation. These
tests were conducted at the NAV AJO Depot Activity near Flagstaff, Arizona, using igloos
constructed in 1942 to Army standards. The tests are described in reference 2-19.

C2.3.8.2. Test Objective. The objective of these tests was to demonstrate that the
NATO Explosives Safety Manual, which required a minimum of 400 meters (1,312 feet) between
inhabited buildings and igloos containing HD 1.1 AE, was overly conservative for small quantities
of explosivesin magazines. No minimum quantity of AE was associated with this 400-meter
restriction.

C2.3.8.3. Test Conclusions. The conclusions reached in the Flagstaff tests were:

C2.3.8.3.1. The 400-meter minimum distance requirement between
inhabited buildings and igloos containing HD 1.1 AE is excessive for small explosive charges.
Thiswas true for both fragment and peak overpressure hazards.

C2.3.8.3.2. Theuse of abarricade in front of the headwall and a redesign of
the vent stack at the rear of the igloo would have reduced the density of hazardous fragments to an
insignificant level.

C2.3.8.3.3. The peak overpressure and fragment hazards to the sides and
rear of earth-covered igloos are significantly less than those to the front for relatively small
explosive weights. These directional effects should be considered when establishing minimum
distance requirements.

C2.3.8.4. Test Result. Though these tests wereinitialy conducted to support a

hazards analysis for a particular activity, the results of the test were subsequently used to support
changes to the NATO Explosives Safety Manual.
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C2.3.9. HASTINGS Igloo Hazards Tests for Small Explosive Charges, Hastings,
Nebraska, 1984. The Hastings testing was conducted to supplement, with additional full-scale
testing, the Flagstaff testing described in the previous paragraph.

C2.3.9.1. Test Description. These tests were conducted at the then Nebraska
State National Guard Weekend Training Site near Hastings, Nebraska, using 12 excess, standard-
sizeigloos built to Navy standards. The test igloos were abandoned structures. Prior to testing,
these igloos al had devel oped hairline cracks on all walls and their arches. There was also erosion
of the earth-cover that was observed on many of the structures due to lack of maintenance. An
earth-backed concrete blast shield (barricade) fronted each test igloo. The igloos headwall
thickness was 8 inches. The test report is provided by reference 2-19. Test results arein the form
of overall structural response, airblast measurements, and hazardous fragment distribution for
explosive charge weights from 5.4 kg (12 pounds) to 68 kg (150 pounds).

C2.3.9.2. Test Objectives. The objectives of the Hastings tests were to:

C2.3.9.2.1. Determine the explosive quantity which, when detonated inside
a standard-size, earth-covered igloo, produces no significant external effect.

C2.3.9.2.2. Evauate the dispersal of structure debris and measure external
airblast for the range of explosive quantities up to 68 kg (150 pounds).

C2.3.9.3. Test Conclusions. Test conclusions were:

C2.3.9.3.1. The maximum distance requirements between inhabited
buildings and standard-size, earth-covered igloo magazines containing small explosive charge
weights will be determined by door displacement and not by concrete fragments from the
headwall. Blast shields (front barricades) will reduce this distance and change the critical
direction of the hazard from the front to the sides, at small charge weights.

C2.3.9.3.2. Blast shields are effective in controlling concrete fragment
hazards from the headwalls at explosive charge weights up to 18 kg (39.6 pounds). At higher
explosive charge weights, significant numbers of fragments will be projected over the blast shield.

C2.3.9.3.3. Igloo magazines will suffer severe structural damage when
explosive charges as small as 5.4 kg (12 pounds) TNT detonate inside amagazine. An explosive
charge weight of 7.3 kg (16 pounds) can completely destroy an igloo.

C2.3.9.3.4. There are no significant overpressure hazards, outside of a
magazine, associated with the detonation of up to 68 kg (150 pounds) TNT inside a magazine.

C2.3.10. Summary of Flagstaff and Hastings Testing. The tests described above that
were conducted at NAV AJO Depot Activity, Flagstaff, Arizona, in 1979 and at Hastings,
Nebraska, in 1984, were conducted to determine if the (then current) NATO fragment criteria of
400 meters should apply for small amounts of explosive materia in earth-covered magazines.
Based on the results of these tests, DDESB siting criteriafor standard ECM containing small
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guantities of explosives (less than/equal to 450 pounds NEW of HD 1.1) were revised to permit
the use of lesser inhabited building and public traffic route distances.

C2.3.11. Modular Igloo Test, 1988.

C2.3.11.1. Test Description. The Modular Igloo that was tested by the Air
Force, in 1989, at the Utah Test and Training Range (UTTR), was constructed of precast
reinforced concrete panels and had abox shape. The intent of the test was to evaluate the design
for possible certification as a standard ECM, for allowable storage NEW's up to 500,000 pounds of
HD 1.1. Thetest involved one modular donor igloo with 500,000 pounds NEW of HD 1.1 and
four modular acceptor igloos. Three of these acceptor magazines contained expl osives-loaded
MK 82 (48 each in two magazines) and MK 84 (36 in the remaining magazine) bombs. The
fourth acceptor magazine contained empty AGM-65 Missile Containers. The acceptor magazines
were sited to the front, sides and rear of the donor magazine, at required minimum separation
distances for standard magazines. Datato be collected from the test included blast overpressure,
structural and ground accel eration measurements, and limited debris collection. Thetest is
documented in reference 2-20.

C2.3.11.2. Test Results.

C2.3.11.2.1. Based on results of thistest, the DDESB did not accept the Modular
Igloo design as a standard ECM. The primary reason for rejection was that the roof of an acceptor
magazine collapsed and a second magazine fell within the crater produced by the donor. Though
there was no propagation of any of the acceptor chargesin any of the acceptor magazines, the
DDESB felt that the damage experienced by the two severely damaged acceptor igloos fell outside
the level of acceptable damage to an acceptor standard magazine. The DDESB suggested that the
Air Force re-design the roof and then utilize a High Explosive Simulation Test (HEST) to validate
the modified roof design. Thiswas done and is reported in reference 2-21. Asaresult of
successful redesign and HEST Testing, in 1994 the DDESB granted final approval to the Modular
Storage Modul e (previously called the Modular Igloo or the Hayman Igloo) as a standard ECM.
At that time, the MSM design was documented via several separate drawing packages devel oped
by the AF. In 1999, these separate drawing packages were consolidated by the COE into COE
Drawing 421-80-06. The design was aso modified to incorporate a lightning protection system.

C2.3.11.2.2. In January 2002, the Air Force Safety Center (AFSC) discovered a
serious problem with the MSM design as documented in Drawing 421-80-06. The door design
contained in the drawing did not correspond with the acceptor door design documented in the
1989 test report. The tranglation error appears to have occurred during development of the initial
AF Drawings. Asaresult, a2 December 2002 DDESB-KT memorandum, Subject: “Removal of
7-Bar Designation from the Air Force Modular Storage Magazine and Actions being taken to
restore the 7-Bar Designation to both Existing and New MSM Construction,” was sent out. The
AFSC quickly set up adesign engineering team to review the situation and develop afix. In early
April 2002, the AFSC submitted their proposed solution to the DDESB for review and onl17 April
DDESB-KT issued a memorandum, Subject: “Approva of 7-Bar Structural Strength Designation
for Modular Storage Magazines (MSM) constructed to modified U.S. Army Corps of Engineers
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Drawing 421-80-06,” which approved a modified 421-80-06 design with the correct door and
details for retrofitting new hinges onto the headwall for the heavier doors.

C2.3.12. Reexamination of Airblast and Debris Criteria, 1991. A reexamination of the
airblast and debris produced by explosionsinside earth-covered igloos was conducted in 1991, at
the request of the DDESB, by the Naval Surface Warfare Center. This reexamination reviewed
available airblast and fragmentation/debris data produced by explosions within standard ECM.
The intent of this review was to recommend possi ble changes to the standards and to provide the
best predictive tools for both fragmentation and airblast. Based on the review of data available at
that time, this study determined that the present criteriafor airblast appear to be safety
conservative. It was discovered that there isamajor deficiency in the data relating to the
debris/fragmentation produced by explosionsin ECM. The report of this reexamination can be
found in reference 2-22. [Note: Facility debris studies based on data obtained from UK,
Australian, and U.S. tests conducted since 1991, indicate that safety criteria based on facility
debris distances are not conservative. Additional studies and testing are on-going in the debris
arena]

C2.3.13. Expected Blast Loads from an ECM. By 2000, the Army and Navy based their
design loads for headwalls and roofs of their respective ECM designs on large-scale field tests that
had been conducted. For the Army, thiswas Eskimo 1 and 3 (arch-shaped ECM's), whereas for
the Navy, it was Eskimo 6 and 7 (box-shaped ECM's). The version of reference 1-1 at that time
did not accurately reflect the design loads indicated by field tests and needed to be revised to do
so. Asaresult, the DDESB (reference DDESB-KT Memorandum of 5 July 2000, which was the
Decision Sheet for 316" DDESB Meeting) approved minimum DoD ECM design considerations
and blast loads, which have since evolved to the following (from Change 2, reference 1-1, August
21, 2009):

“(Ch.2.1.2. ECM must be designed to withstand the following:

C5.2.1.2.1. Conventional (e.g., live, dead, snow) loads for the barrel of an arch-
shaped ECM.

C5.2.1.2.2. Conventional (e.g., live, dead, snow) and blast-induced loads for the
roof of a flat-roofed ECM.

C5.2.1.2.3. Conventional (e.g., live, dead, snow) loads for the rear wall of an arch-
shaped ECM and for the rear and side walls of a flat-roofed ECM.

C5.2.1.2.4. Expected blast loads, as applicable:

C5.2.1.2.4.1. On the head wall and door of 3-Bar ESECM isa triangular pulse
with peak overpressure of 43.5 psi [ 3 bars, 300 kPa] and impulse of 11.3W**psi-ms [ 100Q"*
Pa-g| .

C5.2.1.2.4.2. On the head wall and door of 7-Bar ESECM is a triangular pulse
with peak overpressure of 101.5 psi [7 bars, 700 kPa] and impulse of 13.9W*psi-ms [ 123Q" Pa-
gl .

C5.2.1.2.4.3. On the roof of a flat-roofed Undefined, 3-Bar, or 7-Bar ESECM
isatriangular pulse with peak overpressure of 108 psi [7.5 bars, 745 kPa] and impulse of 19W~*?
psi-ms [170Q"* Pa-g] .”
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C2.3.14. High Performance Magazine (HPM). The Nava Facilities Engineering
Service Center (NFESC), Port Hueneme, CA, developed the HPM design with a primary goal of
reducing the encumbered land associated with an explosives storage site. They were able to
accomplish this goal through the design of afacility that used non-propagation wall (NPW)
technology, developed by NFESC to limit the maximum credible event (M CE) to the amount of
AE in one storage cell plus the amount of AE that might be present in the shipping/receiving area.
The MCE associated with the HPM design reduces the inhabited buildi